A Thermal Runaway Failure Model for Low-Voltage BME Ceramic Capacitors with Defects by Teverovsky, Alexander
A Thermal Runaway Failure Model for Low-
Voltage BME Ceramic Capacitors with Defects 
 
Alexander Teverovsky 
ASRC Space and Defence. 
Greenbelt, MD 20771, USA 
 
Abstract – Reliability of base metal electrode (BME) multilayer 
ceramic capacitors (MLCCs) that until recently were used mostly 
in commercial applications, have been improved substantially by 
using new materials and processes. Currently, the inception of 
intrinsic wear-out failures in high quality capacitors became 
much greater than the mission duration in most high-reliability 
applications. However, in capacitors with defects degradation 
processes might accelerate substantially and cause infant 
mortality failures. In this work, a physical model that relates the 
presence of defects to reduction of breakdown voltages and 
decreasing times to failure has been suggested. The effect of the 
defect size has been analyzed using a thermal runaway model of 
failures. Adequacy of highly accelerated life testing (HALT) to 
predict reliability at normal operating conditions and limitations 
of voltage acceleration are considered. The applicability of the 
model to BME capacitors with cracks is discussed and validated 
experimentally. 
Index Terms: ceramic capacitors, reliability, simulation, thermal 
runaway, failures. 
I. INTRODUCTION 
Until recently, only precious metal (Ag/Pd alloy) electrode 
(PME) ceramic capacitors were used in military and aerospace 
applications. Reliability issues with base (Ni) metal electrode 
(BME) capacitors that are widely used in commercial 
applications are mostly due to specifics of their manufacturing. 
To avoid nickel oxidation, high-temperature procedures are 
carried out in a reducing atmosphere, which results in 
increased concentration of oxygen vacancies in the dielectric 
layers. These structural point defects act as electron donors 
resulting in formation of positively charged vacancies, VO++, 
that act as electron donors, increase conductivity of the 
dielectric, and reduce insulation resistance (IR) of capacitors. 
However, the most dangerous, reliability-related consequence 
of the presence of oxygen vacancies is related to their 
migration with time under applied voltage resulting in 
degradation of IR and failures with time of operation. 
The mechanism of degradation and failures is attributed to 
accumulation of VO++ at the grain boundaries and 
metal/ceramic interfaces resulting in decreasing energy 
barriers and increasing injection of electrons according to the 
Schottky mechanism [1, 2]. Most researchers agree that the 
rate of degradation is controlled by variations of the barrier 
height at the ceramic/metal interface with time [3-5].  
According to this model, current density in the dielectric 
increases with time and has a tendency to stabilize at levels 2 
to 3 orders of magnitude higher than the initial. This behavior 
was observed in various ceramic [3, 4, 6, 7] and tantalum [8] 
capacitors and was attributed to concentration polarization of 
VO++ that are piling-up at the cathode and reduce the barrier 
height at the metal/dielectric interface from B0 initially to a 
minimal value B min when distribution of oxygen vacancies is 
stabilized. Zafar and co-workers [4] suggested a stretched 
exponential dependence of B with time: 
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where B = B0 - B min, V is the characteristic time and  is 
the shape constant. 
The characteristic time of the degradation process depends 
on temperature, T, and applied voltage, V, and can be 
expressed as [9, 10]: 
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where V is the drift mobility of VO++, 0 is a constant, d is the 
thickness of the dielectric, EV (typically from 0.9 to 1.1 eV) is 
the activation energy of mobility, and k is the Boltzmann’s 
constant. 
Using these equations and Schottky model, wear-out 
processes in ceramic capacitors resulting in degradation of 
leakage currents can be simulated. The model predicts time to 
parametric failure caused by reduced IR considering capacitors 
with homogeneous, defect-free dielectrics. In practice, 
capacitors might have defects, and catastrophic or short circuit 
failures are of a greater reliability concern. 
Over the years, substantial progress has been made in 
development of new manufacturing processes and materials so 
the useful life of capacitors has been increased substantially 
[11]. Currently, wear-out failures in BME capacitors at normal 
application conditions are extremely unlikely, which allows 
their usage in high reliability systems. Experience with 
precious metal electrode (PME) capacitors shows that failures 
during applications are mostly related to the presence of 
defects, in particular, cracks. Our previous studies have shown 
that the susceptibility of PME and BME capacitors with cracks 
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to failures in humid environments is different [12]. The 
objective of this work is to reveal specifics of degradation 
processes and probability of catastrophic failures in BME 
capacitors with defects during operation in dry environments 
such as life test or highly accelerated life test (HALT) 
conditions.  
Studies have shown [13-15] that roughness and presence of 
voids in metal electrodes result in local field enhancement 
causing reduction of insulation resistance, which might affect 
performance of capacitors with thin dielectrics. Electric field 
in the dielectric is also increased by the presence of various 
macro defects resulting in thinning of dielectric layers. In this 
work, a model of failures in BME capacitors with defects has 
been suggested and thermal runaway processes simulated to 
assess the effect of external (temperature and voltage) and 
internal (dielectric thickness and size of defects) factors on the 
probability of catastrophic failures. Specifics of failures at high 
temperatures in the presence of cracks have been considered 
and the applicability of the model discussed. 
II. A FAILURE MODEL FOR CAPACITORS WITH DEFECTS 
Defects resulting in thinning of the dielectric increase local 
electric field, thus enhancing migration of VO++ compared to 
the defect-free areas (see insert in Fig.1). The presence of 
similar defects has been shown to cause infant mortality (IM) 
failures in thin dielectric BME capacitors [14]. Note that voids 
in the dielectric can have the same effect as the thinning if 
mobile charged species are present on the internal surface of 
the void. In this case, redistribution of the species would 
reduce electric field inside the void and increase field in the 
surrounding areas of the dielectric. 
Areas with thin dielectric have lower breakdown voltages 
(VBR) and can be revealed by analysis of distributions of 
VBR. Typically, intrinsic breakdown voltages in low-voltage 
(rated to 200 V and less) BME capacitors have tight 
distributions and are dozens of times greater than the rated 
voltage. The low-voltage tail of the distribution can be used to 
assess the proportion of capacitors with defects, and their 
severity. An examples of VBR distribution for 50 V BME 
capacitors that have ~ 20% of parts with defects is shown in 
Fig.1.a. 
The ratio of VBR of a capacitor with defects (VBRd) and the 
intrinsic breakdown voltage (VBRi) indicate the enhancement 
of the electric field at the defect area. Considering that the 
empirical Prokopowicz-Vaskas equation for reliability voltage 
acceleration [16] depends on the ratio of electric fields at 
accelerated and normal conditions, we can calculate the 
expected time to failure for a capacitor with a given breakdown 
voltage:  
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where n is the voltage acceleration constant, TTF0 is the 
intrinsic time to failure in a defect-free capacitor. For 
estimations, we can assume that during life test conditions 
(125°C, 100 V) TTF0 = 10,000 hr. For PME capacitors n  3, 
and for BME capacitors this parameter is greater, 3 < n < 9 [2, 
17]. 
Calculated distributions of TTF for capacitors with different 
values of n are shown in Weibull coordinates in Fig.1b. Note 
that capacitors with intrinsic breakdown voltages had shape 
parameter > 20, which indicates wear-out failures, whereas 
capacitors with defects had  < 1 indicating IM failures. 
According to this model, the same degradation process that 
is responsible for intrinsic wear-out failures might result in IM 
failures for capacitors having defects. In this case, voltage and 
temperature reliability acceleration factors that are determined 
for wear-out failures might be used also to predict IM failures. 
a) 
 b)  
Figure 1. Distribution of breakdown voltages for 0.12 F 50 V capacitors (a) 
and distributions of times to failure calculated per Eq.(1) at n = 3 and n = 6 
(b). The values of  indicate slopes of the relevant Weibull distributions. 
Inserts show schematics of the defect-related breakdown (a) and failure 
mechanism (b). 
III. THERMAL RUNAWAY MODEL 
Enhanced electric field at the defect areas accelerates 
accumulation of oxygen vacancies at electrodes at the defect 
thus increasing current density with time of operation. This 
raises the local temperature of the defect resulting in formation 
of hot spots. At certain conditions the power generated by the 
current in the defect, Pgen, might be balanced by the power 
dissipated by thermal conduction, Pdis, resulting in 
stabilization of the leakage current and hot spot temperature. 
For a catastrophic failure to occur Pgen should remain greater 
than Pdis in the heating process.  
Catastrophic failures caused by the thermal runaway happen 
when temperature at the defect site rises to a level exceeding 
melting temperatures of metals (1455 ºC for Ni) and/or 
sintering temperature of ceramics (~1250 ºC). For simplicity, 
and to get conservative estimations in the following analysis, 
we assume that catastrophic failures occur when temperature 
of the hot spot exceeds 1000 ºC. 
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Let us consider a thinning-of-dielectric defect in a capacitor 
with a nominal thickness of the dielectric layer d and thickness 
of metal electrodes t (see Fig. 3a). Assuming that the defect 
has a cylindrical shape with a radius r and height l = ×d, the 
thickness of the dielectric at the defect site, h =(1-×d, where 
 is a relative height of the defect. The electric field at the 
defect Ed = E0/(1 - ), where E0 is the field at defect free areas. 
Typically, the values of d for 50 V BME capacitors are in the 
range from 6 to 16 m, and for 10 V capacitors it can be few 
micrometers only. 
For a capacitor operating at a voltage V, the power generated 
at the defect site is Pgen= Id×V, where the current through the 
defect area can be determined as 
),(),( 2 dddd ETJrETI    ,             (3) 
The power that is dissipated through thermal conductivity of 
ceramic and metal electrodes, Pdis is proportional to the 
temperature rise, Pdis = (T-T0)/Rθwhere Rθ is the thermal 
resistance of the defect, and T0 is the environmental 
temperature. The difference between Pgen and Pdis increases 
temperature of the hot spot:  
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where 
pcdrC  
2  is the heat capacity of the defect,  
= 5800 kg/m3 is the density, cp = 420 J/kg_K is the specific 
heat capacity of the ceramic. 
Leakage currents in capacitors. 
The current density through a dielectric layer that is 
controlled by electron injection over a metal/dielectric barrier 
can be described using the Schottky/ Simmons model [18]: 
 ,                (5) 
where A is a constant,  is the mobility of electrons in the 
dielectric, E is the electric field in the dielectric, and s =  
2.7×10-24 C× (m×V)0.5 is the Schottky constant.  
To validate the applicability of Eq.(5) for thermal runaway 
calculations, leakage currents in various types of 0.33 F, 50 
V capacitors were measured at different temperatures and 
voltages. An example of these measurements for a capacitor 
having dielectric thickness d = 12 m and total surface area of 
electrodes 1.1 cm2 are shown in Fig.2a. Results of the 
measurements have been approximated by Eq.(5) with an 
empirical adjustment of parameters A and  By assuming 
A×A×(V×K3/2×m)-1 Eq.(2) provides a good fit to 
the experimental data. 
According to the Schottky/Simmons model, activation 
energy of conductivity is decreasing with applied field as E0.5 
at a constant rate s/kT = 0.034 eV×(m/V)0.5. Experimental 
data for different types of PME and BME capacitors (Fig. 2b) 
are in a reasonable agreement with the model and indicate 
values for the barrier heights, B  0.75 eV for BME and  
1.35 eV for PME capacitors. This difference explains 
substantially lower leakage currents, hence a lower probability 
of thermal runaway failures, in PME compared to BME 
capacitors. 
 a) 
 b) 
Figure 2. Temperature dependence of leakage currents in 0.33 F 50 V BME 
ceramic capacitors at different voltages (a) and variations of activation 
energy with electric field for different types of 0.33 F 50 V BME and PME 
capacitors. Marks indicate experimental data and dashed lines calculations 
per Eq.(5) 
Combining Eq.(1) and Eq.(5), degradation of leakage 
currents with time can be simulated for a defect-free capacitor. 
In the presence of defects, processes in the defect areas should 
be simulated separately because current density in these areas 
might increase to much greater levels compared to defect-free 
areas.  Depending on the power balance at the defect, 
degradation might either stabilize resulting in increased 
leakage currents that might cause parametric failures, or in a 
catastrophic failures due to thermal runaway. Analysis below 
determines conditions for catastrophic failures. 
Thermal resistance of defects. 
Let us consider a cylindrical shape of the defect shown in 
Fig.3a. The heat generated in this defect is released by thermal 
conductivity of ceramic from the top, bottom, and side surfaces 
of the cylinder, and by the thermal conductivity of metal along 
the electrodes (see Fig. 3b). The relevant thermal resistances 
R1, R2, and R3 can be calculated assuming that the temperature 
of the cylinder is constant, and temperature at a distance L from 
the defect remains stable and equal to T0. At these conditions: 
cr
R


8
1
1
, 
 
Nit
r
L
R
 

4
ln
2
 ,
 
cd
r
L
R
 

)1(2
ln
3
,  (6) 
where c = 2.7 W/(m×K) and Ni = 90.9 W/(m×K) are thermal 
conductivities of the ceramic and nickel. 
Note that R1 and R2 are combined resistances at both sides 
of the cylinder. Considering relatively small sizes of the 
defects, R1 was calculated as for a contact of a disc of radius r 
to a semi-infinite ceramic. 
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For conservative estimations, we can assume that L is about 
the size of the chip, ~ 1 mm. As an example, Fig.3c shows 
thermal resistances calculated per Eq.(6), as well as the total 
resistance, Rθ = (1/R1+1/R2+1/R3)-1 as a function of the defect 
size, r, at d = 12 m, t = 1 m and different values of . Note 
that Rθ has a relatively weak dependence on L and , so some 
variations in L and defect’s height would not change thermal 
resistance substantially. Also, because at small sizes of the 
defects heat dissipation occurs mostly via metal electrodes, 
and resistance R3 is relatively large, the effect of the height of 
the defect (×d) on the total resistance is negligible. 
  a) b) 
 c) 
Figure 3. Schematic of a defect in the dielectric (a), heat release (b), and 
variation of the thermal resistances with the size of the defect for a BME 
capacitor with different values of  at d = 12 m, t = 1 m (c). 
Variations of hot spot temperature with time. 
Eq.(4) cannot be solved analytically, but allows for 
numerical solutions. Fig.4 shows examples of variations of the 
hot spot temperature with time during HALT calculated for 
different test conditions. The temperature increases rather fast, 
and the rate of heating corresponds to the characteristic time of 
the process that can be estimated as  = Rθ ×C. At d = 12 m 
and r = 10 m  11 sec and at d = 3 m and r = 3 m  
0.4 sec. 
Simulations have been made for barrier heights decreasing 
as a result of degradation from B = 0.75 eV initially to the 
level at which thermal runaway starts. It is seen that thermal 
runaway occurs at a certain critical level of Bcr and the 
difference between the stable conditions and conditions that 
result in catastrophic failures is less than 1 meV.  
If Bcr is low, the concentration and mobility of oxygen 
vacancies might be not large enough to reduce B below the 
critical level. The probability of catastrophic failures can be 
characterized by Bcr: the greater Bcr the greater the 
probability of catastrophic failures. The value of Bcr depends 
on both, internal and external factors and will be analyzed in 
the following section. 
 
Figure 4. Variations of the hot spot temperature for cases when temperature 
is stabilizing (solid lines) and thermal runaway (dashed lines) for 50 V 
capacitors at 125 ºC. The legend shows the applied voltage, barrier height B, 
thickness of the dielectric d, and radius of the defect r in m. In all cases, the 
relative height of the defect  = 0.5.  
IV. RESULTS OF SIMULATION AND DISCUSSION 
Typically, degradation of leakage currents caused by 
migration of oxygen vacancies increases currents 2 to 3 orders 
of magnitude. For example, IR in barium strontium titanate 
(BST) capacitors during HALT at 280 ºC increased currents 
more than two orders of magnitude which was attributed to a 
decrease of B, from 0.63 eV to 0.46 eV [4]. 
According to Eq.(5), for leakage currents at 125 °C to 
increase by three orders of magnitude, the value of B should 
decrease from 0.75 eV to B min ~0.5 eV. Due to lateral 
diffusion from the periphery, concentration of VO++ at the 
cathode at a defect can be greater than in defect-free areas of 
the dielectric thus allowing much greater increase of currents. 
For estimations, we can assume that the current density in the 
defect area increases 4 to 5 orders of magnitude. This decreases 
the minimal value of B at the defect to B min ~ 0.3 eV. 
Although the value of B min at defects is difficult to assess 
accurately, factors affecting the probability of catastrophic 
failures still can be analyzed considering that the lower Bcr, 
the less likely the probability of failure. 
The hot spot temperatures for different internal and external 
conditions were determined using Eq.(4) and Eq.(5) at 
decreasing B with 5 meV increments until the hot spot 
temperature reaches the critical level of 1000 °C.  
Variations of Bcr with the size of defect r for capacitors 
with different thickness of the dielectric d = 12, 6, and 3 m 
tested at 125 °C and 200 V are shown in Fig.5. As expected, 
Bcr, hence the probability of failures, increases with the size 
of defects and is much greater in thin than in thick dielectric 
capacitors. At the same relative height of the defect  = 0.5, 
catastrophic failures in capacitors with d = 3 m might happen 
even at r~ 4 m, whereas the size of defects should be more 
than 10 m at d = 6 m and more than 40 m at d = 12 m. 
Thermal runaway failures do not occur even for defect sizes 
~100 m unless degradation of the barrier height to below 0.5 
eV happens. Analysis of leakage currents shows that similar 
capacitors might even not fail parametrically. Obviously, 
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capacitors that employ better quality dielectrics with a smaller 
concentration of oxygen vacancies can tolerate larger sizes of 
defects. 
Degradation processes in capacitors depend on the electric 
field in the dielectric rather than on applied voltage. If the 
stress voltage would decrease proportionally to d (constant E 
and  conditions in Fig.5), the effect of dielectric thickness 
would be different and the situation would be reversed 
compared to testing at constant voltages. At constant E, 
capacitors with r = 10 and  = 0.5 would have Bcr decreasing 
from 0.22 eV to 0.16 eV as d decreases from 12 m to 3 m.  
However, at V = const. for the same conditions Bcr, hence the 
probability of failures, would increase from 0.22 eV to 0.39 
eV.  
 
Figure 5. Effect of the defect size on the critical value of the barrier height 
for 50 V BME capacitors during life testing at 125 ºC. The legend indicates 
the test voltage, thickness of the dielectric d in m and relative height  
Because rated voltages of capacitors are not directly related 
to the dielectric thickness that might vary up to 3 times for 
capacitors rated to the same voltage, the probability of failures 
and reliability acceleration factors determined by the ratio of 
test and rated voltages cannot be used to compare results of 
HALT in parts with different thickness of the dielectric. For 
the same reason, voltage derating requirements for capacitors 
rated to the same voltage but having different thickness of the 
dielectric should be different.  
Typically, HALT for ceramic capacitors is carried out at 
voltages up to 10 times the rated voltage and temperatures 
from 125 ºC to 200 ºC. Results of simulation of HALT at these 
conditions for 50 V capacitors with dielectric thickness d = 6 
m and defect height l = 3 m ( = 0.5) are shown in Fig.6. At 
a constant temperature, increasing test voltages raises Bcr 
substantially. For example, at r = 30 m increasing voltage 
from 100 V to 500 V raises Bcr from 0.26 eV to 0.52 eV. 
Considering that for normal quality parts degradation is 
unlikely to decrease B to below ~ 0.5 eV, this means that 
testing capacitors at 125 ºC and 500 V would cause 
catastrophic failures that would never happen at lower 
voltages. 
Increasing temperature from 100 ºC to 200 ºC during testing 
at 200 V results in relatively minor changes in Bcr.  For 
example, for a defect with radius 10 m, B increases from 
0.29 eV at 100 ºC to 0.33 eV at 200 ºC.  This means that within 
a typical range of voltage and temperature conditions during 
HALT, increasing voltage is more likely to introduce new 
failure modes and cause failures in capacitors having small 
size defects that would not occur at voltages close to the 
operational. Acceleration of life testing by increasing 
temperature would assure more adequate conditions compared 
to acceleration by voltage. This is in agreement with data 
presented by Shiota et. al. [19], according to which 
acceleration at high voltages might result in errors of 
extrapolation to operating conditions, and acceleration by 
temperature is preferable to acceleration by voltage. Similar 
results were also reported by Randall et al. [2].  
 
Figure 6. Effect of defect size on Bcr for BME capacitors with d = 6 m and 
 = 0.5 during HALT at different voltages and temperatures. Dashed lines 
correspond to simulations at 200 V and different temperatures from 100 ºC 
(bottom blue line) to 200 ºC (top blue line). 
Note that PME capacitors have much lower leakage currents 
and much lower probability of thermal breakdown.  Failures in 
these parts are likely due to the time dependent dielectric 
breakdown (TDDB) caused by generation of traps in the 
dielectric.  According to the percolation model, breakdown 
occurs when concentration of defects reaches the critical level 
[20]. During breakdown, the energy stored in the part is 
released instantaneously resulting in adiabatic overheating and 
melting of a local area of the dielectric. For example, dielectric 
thickness for a typical 50 V PME capacitor is d  25 m. To 
heat up a sphere of ceramic of radius r ~ d to 1000 ºC, energy 
of ~ 1.5×10-4 J is required. A 0.33 F capacitor charged to 100 
V would have energy about an order of magnitude greater, so 
instantaneous discharge of the part can cause catastrophic 
failure. Contrary to PME, degradation in BME capacitors 
occurs gradually and energy generated at the defect can be 
balanced by heat dissipation. This explains why “leaky” BME 
capacitors often degrade, but do not fail catastrophically, 
whereas PME capacitors with prevailing avalanche-like 
breakdown [21] might not degrade, but fail short circuit. 
V. FAILURE MODEL FOR BME CAPACITORS WITH CRACKS 
Analysis above is related to defects that can be presented as 
a local thinning of the dielectric. Another types of defects that 
are typical in ceramic capacitors are cracks and delaminations. 
To assess the effect of cracking on degradation in MLCCs 
during life testing, different types of 50 V BME capacitors 
(0.33 F from manufacturers A and C and 1 F from 
manufacturer A) were tested at 125 ºC and 100 V. Each type 
had two subgroups, one with virgin capacitors, and another 
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with capacitors having cracks introduced by Vickers indenter.  
Results of testing are shown in Fig.7. Virgin 0.33 F 
capacitors from two manufacturers remained stable during 100 
hours of testing, whereas a certain level of degradation was 
observed in 1 F capacitors after ~ 20 hours. Capacitors with 
cracks had low and stable currents up to a few hours, but after 
that leakage currents increased substantially, more than two 
orders of magnitude in some cases.  All parts with cracks had 
a trend to current stabilization after dozens of hours of testing.  
 
a) 
 b) 
Figure 7. Results of testing at 125 ºC, 100 V for 0.33 F, 50 V (a) and 1 F, 
50 V (b) BME capacitors. Dashed lines correspond to virgin capacitors, and 
solid lines to capacitors with cracks introduced by Vickers indenter.  An 
insert shows a schematic of degradation process in capacitors with cracks. 
To explain this behavior, we can use the model of 
degradation developed above with some modifications. In the 
presence of fine cracks crossing electrodes, the electric field 
might not change substantially. However, ionic 
diffusion/migration along the surface of the crack occurs faster 
than in the bulk of the dielectric layer. This facilitates 
accumulation of VO++ at local areas of metal electrodes near 
the crack, and accelerates degradation of leakage currents.  
After reaching the ceramic/electrode interface, oxygen 
vacancies can diffuse along the interface thus charging areas 
close to the crack and reducing the barrier height at 
metal/ceramic interface. The degradation process can be 
simulated by reducing B at the electrode areas close to the 
crack as for the case with thinning of the dielectric. Similar to 
results discussed above for small size defects, relatively minor 
cracking with sizes of a few micrometers might increase 
leakage currents during HALT, but not cause catastrophic 
failures. 
Due to the thermal nature of breakdown in low-voltage 
BME capacitors, degradation caused by migration of oxygen 
vacancies after HALT not only increases leakage currents, but 
should also reduce breakdown voltages. According to this 
mechanism, capacitors with defects should have reduced VBR 
after HALT to a much greater degree compared to the defect-
free capacitors. To verify this prediction, breakdown voltages 
were measured using four groups of BME 0.33 F, 50 V 
capacitors. The first group (60 pcs.) was measured using 
virgin, as received samples, the second (15 pcs.) after cracking 
introduced by Vickers indenter, the third (10 pcs.) virgin 
samples after HALT at 175 ºC 200 V for 100 hr, and the forth 
(9 pcs.) using samples with cracks after HALT at 125 ºC. 
Results of this testing are shown in Fig.8.  
 
Figure 8. Distributions of breakdown voltages in 0.33 F, 50 V BME 
capacitors measured on different groups of parts initially, after introducing 
cracks, and after HALT. 
Distributions of VBR for virgin capacitors have a low-
voltage tail indicating the presence of ~ 7% of capacitors with 
defects that might have been caused by thinning of 
metallization. However, the spread of the tail was not 
significant, and VBR remained greater than 50% of the 
intrinsic breakdown (~1050 V). Introduction of cracks did not 
affect the distribution of VBR initially, which is in agreement 
with our earlier study [22] and confirms that fine cracks do not 
increase electric field in the dielectric substantially. However, 
as expected, breakdown voltages after HALT reduced more 
than 3 times, from ~ 1050 V on average initially to ~ 300 V 
after testing. Some decrease in VBR (to ~ 900 V) as a result of 
HALT was observed even for virgin samples; however, these 
samples have been degraded by HALT at 200 V and much 
higher temperature (175 ºC) than the cracked samples. Note, 
that only one out of 9 capacitors with cracks had VBR after 
HALT below the rated voltage, while the rest had acceptable 
electrical characteristics.  
Current degradation presented in Fig.7 was simulated by 
using Eq.(1) and Eq.(4) for capacitors with d = 6 m operating 
at 100 V and 125 °C.  It was assumed that for virgin capacitors 
degradation resulted in decreasing B from 0.75 eV to 0.65 eV 
(B = 0.1 eV). The characteristic time V = 200 hr, which 
corresponds to a mobility of oxygen vacancies of V ~5×10-15 
cm2/Vs, and  = 0.7. The cracking affected area was assumed 
to correspond to a cylinder with a radius r = 25 m. Because 
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cracking does not increase electric field at the defect  = 0. 
Due to accelerated migration along the crack the characteristic 
time is expected ~10 hr (V ~10-13 cm2/Vs). Extrapolation of 
data for temperature dependence of mobility of oxygen 
vacancies presented in [9] to 125 ºC results in V ~3×10-14 
cm2/Vs, which is within the range of values accepted for this 
modeling. 
At these conditions, calculations show that the critical value 
of the barrier height corresponds to Bcr = 0.54 eV. 
Simulations of current degradation have been made for B = 
0.45 eV and 0.55 eV. In the first case, leakage currents are 
stabilizing after ~100 hr at a level of ~100 A, whereas in the 
second case a catastrophic failure happens after ~50 hours of 
testing. Comparison of results in Fig. 7 and Fig.9 show that the 
modeling is in a reasonable agreement with experimental data. 
The fact that catastrophic failures were not observed in 
capacitors with cracks is most likely due to a required severe 
degradation of the barrier that is unlikely to happen for normal 
quality parts.  
 
Figure 9.  Degradation of leakage currents (solid lines) and 
barrier heights (dotted lines) simulated for a defect-free capacitor at 
B = 0.1 eV and V = 200 hr and capacitors with defects (r = 10 
m,  = 0) at V = 10 hr and B = 0.45 eV, case 1 – temperature 
stabilization, and B = 0.55 eV, case 2 – thermal runaway. 
VI. CONCLUSION 
1. Defects in low-voltage BME capacitors can be revealed 
by analysis of distributions of breakdown voltages. A simple 
model based on Prokopowicz-Vaskas equation shows that 
degradation processes that cause wear-out failures can also 
result in IM failures in capacitors with defects. 
2.  In the presence of defects, migration of oxygen 
vacancies towards the cathode is enhanced either by increased 
electric field at the defect area, as in case of thinning of the 
dielectric, or by increased mobility of oxygen vacancies, as in 
case of cracks. In either case, accumulation of positively 
charged vacancies at local areas results in increased leakage 
currents and formation of hot spots.  
3. A thermal runaway model for capacitors with defects has 
been suggested. According to the model, catastrophic failures 
occur when the barrier height decreases below a certain critical 
level cr that depends on external (temperature and voltage) 
and internal (size of defect, thickness of dielectric and 
metallization) factors. The greater cr the greater the 
probability of catastrophic failures. For capacitors with 
dielectric thickness above 3 m, having small, micrometer-
size defects, cr is low so these defects are very unlikely to 
cause catastrophic failures. 
4. Because rated voltages are not related directly to the 
thickness of the dielectric, electric field in the dielectric, rather 
than applied voltage should be considered to analyze HALT 
results.  Decreasing thickness of the dielectric might increase 
or decrease the probability of catastrophic failures depending 
on whether the testing is carried out at constant voltage or 
constant field conditions. 
5. In the range of typical HALT conditions (temperatures 
from 125 ºC to 200 ºC and voltages up to 10 times the rated 
voltage), voltage increases the probability of catastrophic 
failures to a greater degree compared to temperature. Small 
size defects that would not cause failures at normal operating 
conditions can result in short circuit failures during testing at 
increased voltages. The risk of overstressing during HALT by 
increasing voltages is greater than by increasing temperatures.  
6. Experiments with 50 V BME capacitors show that 
leakage currents in capacitors with cracks can increase during 
testing at 125 ºC and 100 V by more than two orders of 
magnitude, but stabilize or decrease with time after dozens of 
hours of testing, so no catastrophic failures happen. These 
parts after testing had also substantially reduced breakdown 
voltages compared to capacitors without cracks. Both results 
are in agreement with the suggested model that assumes 
accelerated transport of oxygen vacancies along the cracks.  
7. Low-voltage BME capacitors with defects are more 
likely to fail parametrically, whereas catastrophic failures are 
more probable for PME capacitors, which is attributed to 
different mechanisms of breakdown for PME (electronic) and 
BME (thermal) capacitors.  
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